The Si, and 31 P NMR spectroscopies. The ligands coordinate in a monodentate mode to the silicon atoms which in turn show a tetrahedral environment. Screening these complexes for their antibacterial activities gave positive results.
Introduction
There has been a prodigious upsurge in the synthesis and elucidation of the structure of some metal complexes containing dithio-substituted ligands, such as dithiophosphates, xanthates, dithiocarbamates, and dithiocarboxylates (Cotero-Villegas et al., 2011; Petrus et al., 2011; García y García et al., 2012; Lutz et al., 2012; Kaub et al., 2014) .
The stabilization of metals in high oxidation states, extensive electron transfer series and other such structural, magnetic, and spectroscopic properties have served to make 1,1-dithio complexes, especially the dithiophosphates, the focus of attention to sulfur donor ligand complexes. The dithiophosphates and the applications as anti-oxidant additives are extremely important in the oil-and petroleum industry. Particularly zinc dithiophosphates (Kim et al., 2010; Zhao et al., 2014) were used as a lubricant additive (anti-oxidant) for the past 70 years paving the way for new technology. Also worth mentioning is the use of such compounds as pesticides. O, O-dialkyl and alkylene dithiophosphoric acids possess the fragment (S = P-SH) and behave as versatile dithio ligands (Ma et al., 2010) forming a variety of complexes with transition (Rodina et al., 2015) and nontransition metals (Elkhaldy et al., 2011) . The synthesis of organosilane (IV) dithiophosphate compounds provides model systems of interest because the presence of both biologically active organosilicon and dithiophosphate moieties in a single molecule could provide more powerful and lasting effects. It was thought worthwhile to undertake a detailed and systematic study of these type of complexes.
Results and discussion
Methylsilane of mixed chloro and tris O, O-dialkyl and alkylene dithiophosphate compounds are prepared in 85%-95% yields by the salt metathesis reactions of the corresponding sodium salts of dithiophosphoric acid with methyltrichlorosilane in 1:1, 1:2, and 1:3 molar ratios. These reactions are facile but to ensure completion reaction, solutions were heated at reflux with stirring for ~ 5 h in anhydrous benzene. where G = -CH 2 CMe 2 CH 2 -, -CH 2 CEt 2 CH 2 -and -CMe 2 CMe 2 -, n = 1, 2, and 3. Alternatively, these compounds can be prepared in similar yields by the reaction of MeSiCl 3 with the corresponding dithiophosphoric acids (Table 1) .
IR spectra
The infrared spectra of these O, O-dialkyl and alkylene dithiophosphate of silane compounds have been recorded in the region 4000-200 cm −1 . The IR bands were made on the basis of comparisons with the spectra of the dialkyl and alkylene dithiophosphoric acids (Kato et al., 1974; Chauhan et al., 1983; Sowerby et al., 1983) . The band shown by the parent acids in the region 2544-2400 cm
, due to the S-H stretching (Pavia et al., 1996) vibrations, are absent for methylsilane (dialkyl and alkylenedithiophosphate) derivatives, indicating the formation of Si-S which appeared as new bands (Kato et al., 1974) in the region 440-402 cm may be assigned to ν (P)-O-C and ν P-O-(C) vibrations, respectively (Corbridge, 1969) . A band in the region 940-910 cm −1 is most probably due to dioxaphospholane and dioxaphosphorinane ring vibrations (Ohkaku and Nakamoto, 1973; Lockhart and Manders, 1986) . A sharp band present in the region 684-630 cm −1 can be assigned to νP=S vibrations (Drew et al., 1983) . Bands with medium intensities in the region 580-505 cm −1 may be attributed to vibration of νP-S asymmetric and symmetric vibrations (Gupta et al., 1984) . The Si-Cl modes are observed as medium intensity peaks in the narrow range of 330-308 cm −1 (Ohkaku and Nakamoto, 1973) . Details regarding the individual peaks have been included in Table 2 .
H NMR spectra
The 1 H-NMR spectra of the MeSi dialkyl and alkylenedithio derivatives were recorded in CDCl 3 solution at room temperature. The data for these complexes were similar to those of the corresponding dithiophosphoric acids (Chauhan et al., 1983; Lockhart and Manders, 1986) . The Si-methyl protons in MeSi derivatives of dialkyl and alkylene dithiophosphates appear as singlets at ∂ 0.08 ppm. The singlet peak at 4.2-5.1 ppm in the parent dithiophosphoric acids ) of methylsilicon (dialkyl and alkylenedithiophosphate) derivatives. and assigned to SH proton, is absent from the spectra of the new silane complexes indicating deprotonation of SH group and formation of Si-S bond (Gupta et al., 1985) .
S. no. Compound
ν(P)-O-C νP-O-(C) Ring vibration νP = S νP-S ν (Si-S) ν (Si-Cl)
C NMR spectra
The 13 C NMR spectra were recorded in CDCl 3 solution at room temperature. The methyl carbon attached to Si in the methylSi (IV) dithiophosphate complexes were seen in the expected range of 17.8-22.4 ppm. The spectra show very small chemical shifts when compared to those obtained for the parent dithiophosphoric acids and indicate no substantial difference in the structure (Gupta et al., 1984; Srivastava et al., 2010) .
P NMR spectra
As there is only one peak in the proton decoupled 31 P NMR, it proves the purity of the complexes formed, and indicates the presence of only one species and also that the three dithiophosphate groups are in identical environments. It has been suggested that the difference in the phosphorus chemical shift between that of the appropriate free acid and the complex is a strong indicator of the mode of binding (Glidewell, 1977) . Downfield shifts in the range 9-15 ppm were claimed to be consistent with the presence of bidentate ligands while negligible shifts or even upfield shifts were associated with unidentate linkages. The shift of these peaks related to monodentate mode according to Glidewell (1977) . The relevant 31 P NMR spectroscopic data of these complexes are given in Tables 3 and 4. 29 Si NMR spectra 29 Si NMR spectra of some of these complexes have been recorded and the value of 29 Si chemical shift falls at -0.21 to -0.83 ppm. These values of chemical shift can be best interpreted in terms of four coordinate silicon in this ligand and derivatives, therefore, behaving as monodentate (Hunter and Reeves, 1968; Elizabeth et al., 1976; Blinka et al., 1984) . Thus, based on the above spectroscopic studies, four-coordinate structures may be tentatively proposed for methyl silicon (dialkyl and alkylene dithiophosphate) derivatives. Si also confirms the tetrahedral environment about the silicon atom in which the ligand moieties are bonded through monodentate ester type linkage.
Antimicrobial activity of dithiophosphate derivatives of silane
The bioactivity of silane complexes was evaluated against one Gram-negative bacterium Escherichia coli and one Gram-positive bacterium Staphylococcus aureus. The microbiological media used in the study were supplied by Becton, Dickinson and Company (Franklin Lakes, NJ, USA). Antibacterial activity analysis was assessed using Bioscreen C (Automated Microbiology Growth Analysis System) manufactured in Finland by OY Growth Curves CE. The bacteria were purchased at American Type Culture Collection (ATCC) (Manassas, VA, USA). Instruments used were iS10 FT-IR (Thermoscientific) and an Anasazi eft-90 NMR instrument. All chemicals from Sigma-Aldrich (St. Louis, MO, USA). The Bioscreen C measures microorganism growth. As microorganisms grow, they increase the turbidity of their growth medium. An optical density (OD) curve is generated from the turbidity measurement of growth medium over time, and the curve indicates the growth of the bacterium. In other terms, the degree of turbidity in broth culture is directly related to the number of microorganism present, either viable or dead cells, and is a rapid method of measuring cell growth rate of an organism. The amount of transmitting light through turbid broth decreases with subsequent increase in the absorbance value.
In order to study bacterial growth in broth culture, 4-5 mL of bacterial culture were placed in 200 mL of Bacto Nutrient broth contained in a 250 mL flask. After 24 h, a 1:10 mixture of the 24-h bacterial growth and sterile physiological saline water were prepared. An aliquot of 100 μL from each solution was placed into different wells of the Bioscreen C. The first column wells served as controls and had silane complexes. Aliquots of 50 μL of the silane derivative solution were added to the samples. The growth rate was determined by measuring turbidity using the Bioscreen C for a total of 24 h at regular intervals (30 min).
An OD curve was generated based on the turbidity measurement over a period of 24 h. During the experiment, the data were exported to a PC in MS Excel. Microbiological calculations were generated directly to MS Excel sheets automatically. Measurements were then processed to generate microbiological growth curves, plotting turbidity vs. time (Abu-Basha et al., 2012) .
The E. coli bacterial growth curve is normal with a short lag phase followed by a rapid bacterial growth up to 300 min. Then, the rate of growth slows down due to inhibition of further cell division; accumulation of dead cells at the bottom of the well. This leads to accumulation of waste which is going to be used by hiding, living cells, and this is illustrated by the bacterial growth picking up at around 600 min. The bacterial growth of S. aureus is normal while the lag phase is absent. This could be due to the microorganism from a nutritionally poor medium which is added to a nutritionally rich medium; it can simply adapt to the environment and starts the cell division with no delay, and, therefore, lag phase may be absent. The bacterium grows rapidly up to 300 min, then seems to lose its ability to reproduce and begins to die quickly and goes to the bottom. Usually, the depletion of nutrients and the subsequent accumulation of metabolic waste products in the broth facilitate the bacterial death phase, but in this case, almost immediately the bacteria began to grow again and the number of bacteria increases exponentially, which is probably due to the number of live cells exceeding the number of dead cells. In addition, S. aureus is a hardy bacterium which survives in the highest salt conditions. Also, the strain-to-strain variation should be considered in growth rates.
The overall results indicated that silane complexes showed antibacterial activity at a concentration of 50 μL of silane derivative treatment to 100 μL of the bacterial solution towards the Gram-positive and Gram-negative test bacteria. The antibacterial activity of selected silane compounds using acid derivatives was found to exert inhibitory effects on E. coli and S. aureus. 2 ] 3 have been added to both strains at the same concentration. All inhibited the growth of E. coli and S. aureus based on the OD readings as compared to the control. The control wells without silane complexes showed OD absorption, increase in both bacteria, while the test wells showed OD absorption decrease implying little or no growth. Based on our results, both bacteria appeared to be susceptible to silane complexes which exhibited antibacterial properties. There was a dramatic difference in optical densities of silane complexes at t = 0 min in both E. coli and S. aureus graphs. Figure 1 shows that the effect of n-propyl derivative (1:3) MeSi[S 2 P(n-PrO) 2 ] 3 was rapid, indicating a decrease in turbidity, which translates into a reduction in bacterial activity; n-propyl derivative displays the most dramatic change in turbidity during the first 4 h and levels off in constant turbidity up to 24 h. Neopentylene derivative On the other hand, while the untreated S. aureus (control) has an increased bacterial activity during 24 h (Figure 2) , n-propyl derivative (1:3) and neopentylene derivative (1:1) had an immediate, significant and sustained effect on S. aureus; the OD decreases relatively quickly, reaches a bottom and levels off. Neopentylene derivative (1:2) and isobutyl derivative (1:3) had an immediate and sustained effect on S. aureus compare to n-propyl derivative (1:3) and neopentylene derivative (1:1) with isobutyl derivative (1:3) having a greater inhibiting effect. Based on our knowledge, this dramatic difference in OD could be related to the chemical structure of these compounds. We believe, based on these preliminary findings, straight chains (n-propyldithiophosphate) have higher OD than the cyclic chains (neopentylenedithiophosphate) followed by branched chains (n-isobutyldithiophosphate) with the lowest OD. Further studies need to be done in order to explore the relationship between dithiophosphate derivatives structure and the sample turbidity.
Similar results were obtained in previous studies where dithiophosphoric acid and their O, O-dialkyl and alkylene dithiophosphate bis(cyclopentadienyl)-zirconium (IV) hydride complexes exerted an antibacterial effect on E. coli and S. aureus (Elkhaldy et al., 2011) . Also Elkhaldy et al. (2012) reported that bis (neopentylene dithiophosphoric acid) adducts of diphenyl diselenide had a higher antibacterial activity than bis (2, 2-diethyl propane-1, 3-diol dithiophosphoric acid) adduct of diphenyl diselenide on S. aureus (Gram-positive) and E. coli (Gram-negative) bacteria at different concentrations of the two adducts. The difference in OD of the dithiophosphate derivatives suggests that saline derivatives of dialkyl and alkylene dithiophosphate are found to be more antibacterial than their parent ligand.
Conclusion
In this study, we have shown the facile synthesis of dialkyl and alkylene dithiophosphate derivatives of silicon. All these new compounds were characterized using 1 H,
Si NMR, IR, and elemental analyses. We showed that dialkyl and alkylene dithiophosphoric acids, respectively, their sodium salts react as a monodentate ligand with methyltrichlorosilane. The resulting methyl silicon compounds exhibited higher antimicrobial activity than the dithiophosphate ligands.
Experimental General procedure
Stoichiometric amounts of methyl-silicon trichloride and the sodium salts of dithiophosphoric acids in benzene were stirred for ~5 h. The clear filtrate was evaporated at low pressure and the resulting oily liquid was dried under vacuum.
Materials: Solvents (benzene, alcohols, dichloromethane and n-hexane, etc.) were dried by standard methods. Glycols were distilled before use. MeSiCl 3 and Phosphorous pentasulfide (E. Merck) was used as received. O, O-dialkyl and alkylenedithiophosphoric acids were prepared by the reaction of phosphorus pentasulfide and alcohols in a 1:4 ratio, and in a 1:2 ratio with glycols as described in the literature (Chauhan et al., 1983) .
Measurements: The elemental analysis (C and H) was performed on a Perkin-Elmer 2400 elemental analyzer. Sulfur was estimated gravimetrically as barium sulfate. Volhard method was used to estimate chlorine. Silicon was estimated gravimetrically in the oxide form using the (cupferron method). Molecular weights were determined cryoscopically in benzene. Infrared spectra were recorded as Nujol mulls using CsI cells in the region 4000-200 cm −1 on an iS10 FT-IR spectrophotometer.
1 H and 13 C spectra were recorded on a Anasazi eft-90 and using TMS as the internal reference.
31
P NMR spectra were recorded in CDCl 3 using H 3 PO 4 as an external reference on the same instrument.
Preparation
Reaction of MeSiCl 3 with sodium diethyldithiophosphate in 1:3 molar ratio: An exothermic reaction occurred when solid sodium diethyldithiophosphate (1.93 g, 9.28 mmol) was added to a benzene solution (-70 mL) of MeSiCl 3 (0.46 g, 3.09 mmol). The reaction mixture was refluxed for ~5 h to ensure the completion of the reaction. The precipitate of NaCl (0.51 g) was filtered out and the removal of the solvent from the filtrate under reduced pressure and anhydrous conditions yielded MeSi[S 2 P(OEt) 2 ] 3 (1.77 g, 95% yield). The yellow oily compound MeSi[S 2 P(OEt) 2 ] 3 was purified by repeated washing with dried n-hexane (Table 1) .
